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Abstract 
Sn doped Sb2S3 thin films have been deposited by single source vacuum thermal evaporation onto glass substrates at 
substrate temperature Ts= 240 °C. The optical constants were obtained from the analysis of the experimental 
recorded transmission and reflectance spectral data over the wavelength range 300–1800 nm. It has been found that 
the refractive index dispersion data obeyed the single oscillator of the Wemple-DiDomenico model. By using this 
model, the dispersion parameters and the high-frequency dielectric constant were determined. The electric free carrier 
susceptibility and the carrier concentration on the effective mass ratio were estimated according to the model of 
Spitzer and Fan. 
Keywords: X-ray diffraction ; Amorphous semiconductors; glasses; Vacuum deposition;Vacuum deposition. 
1. Introduction 
Sb2S3 is a member of V2-VI3 layered semiconductor family. In recent years a large number of 
studies have devoted to the physical properties of chalcogenides thin films due to their wide applications 
in optoelectronic devices [1, 2]. Among the available chalcogenides, pure and doped Sb2S3 thin films are 
used in solar energy conversion, thermoelectric cooling technologies and as photoconductive target type 
of television camera [3, 4]. This is mainly due to its direct band gap of about 1.78 - 2.5eV [5-6] and a 
high absorption coefficient (105 cm−1). Due to these potential applications it is very important to 
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determine the structural, electrical and optical properties of this material. But in spite of these proprieties, 
Sb2S3 is usually presents high resistive. So to convert Sb2S3 in p or n type conductivity we shall dope it. In 
our previously works [7] we showed that Sn2Sb2S4 thin films exhibit stable p-type conductivity. 
Consequently, Sn as a doping element can affects the conductivity type of the Sb2S3 thin films. Therefore 
for these reasons we chose to dope Sb2S3 with Tin (Sn) element. 
In this paper, we studied the effect of Sn incorporation in Sb2S3 thin films grown by vacuum 
evaporation method at substrate temperature Ts= 240 °C. We report our investigations on the optical 
properties of amorphous thin films of Sb2S3 which were studied in the photon energy range 0-4 eV. The 
results of measurements of the optical properties of Sn-doped Sb2S3 thin films (% molecular weight 0% – 
3%) give information regarding the absorption coefficient α, the band gap Eg, the extinction coefficient k, 
the refractive index n, the dispersion energy Ed, the energy of the effective dispersion E0, the static 
refractive index n(0), the high frequency dielectric constant ε∞, the carrier concentration to the effective 
mass ratio N/m* and the electric free carrier susceptibility χe were estimated according to the model of 
Spitzer and Fan and Wemple–Di Domenico. 
Fig. 1 XRD pattern of Sn-doped Sb2S3 thin films (% molecular weight 0% – 3%). 
2. Experimental procedure 
2.1. Synthesis of Sb2S3 ingots 
Stoichiometric amounts of the elements of 99.999% purity Sb and S were used to prepare the initial 
ingot of Sb2S3. The mixture was sealed in vacuum in a quartz tube. In order to avoid explosions due to 
sulfur vapor pressure, the quartz tube was heated slowly (20 °C/h). A complete homogenization could be 
obtained by keeping the melt at 650°C for 48h; thermal expansion of the melt on solidification was 
avoided. X-rays of powder analysis showed that only homogeneous Sb2S3 phase was present in the ingot. 
Crushed powder of this ingot was used as raw material for the thermal evaporation. 
2.2. Preparation of Sb2S3 thin films and doping process 
Sb2S3/Sn thin films were prepared by co-evaporation of the Sb2S3 powder and the Sn element in a high 
vacuum system with a base pressure of 10−6 Torr. Sn of 4N purity was evaporated from thermal 
evaporator. An open ceramic crucible was used. Sn was deposite simultaneously during the deposition of 
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the Sb2S3 powder. Thermal evaporation sources were used which can be controlled either by the crucible 
temperature or by the source powder. The glass substrates were heated at 240 °C during the evaporation 
process. The amount of the Sn source was determined to be 0%–3% molecular weight compared with the 
Sb2S3 alloy source.  
2.3. Characterization of the as-deposited Sb2S3 thin films 
The optical characteristics were determined at normal incidence in the wavelength range 300 - 1800 
nm using a Shimadzu UV/VIS/NIR-spectrophotometer. The film's thicknesses were calculated from the 
positions of the interference maxima and minima of reflectance spectra using a standard method [8]. The 
film thicknesses were found to be in the range 500-600 nm. The type of conductivity of the as-deposited 
Sb2S3 thin films was determined by the hot probe method and all the as-deposited films present high 
resistive values. The surface morphology and roughness of the films were examined means of atomic 
force microscopy (AFM) type Vecco model D3100. The hot probe method measurements were carried 
out in order to determine the conduction type of the samples. 
Fig. 2 AFM images of Sn-doped Sb2S3 thin films (% molecular weight 0% – 3%. 
3. Results and discussion 
3.1. Structural and morphological studies 
The X-ray diffractograms of the undoped and Sn-doped Sb2S3 films are shown in Figures. 1. It is clear 
from Fig. 1 that the all investigated films formed at substrate temperature Ts= 240 °C have an amorphous 
nature, which agrees with the previous observations reported for all the substrate temperature ≤ 250 °C, 
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eg by N. Tigau et al [9-10] and our previous  published work [5]. The amorphous nature of the film 
formed at low substrate temperature is due to the non-availability of sufficient thermal energy for the 
diffusion of adatoms on the substrate surface for the nucleation. 
      We studied surface morphologies of the Sb2S3 films by Atomic Force Microscopy (AFM). Fig. 2 
shows their surface morphologies analyzed by AFM. The measured grain size and RMS roughness are 
given in Table 1. It is clear from the Table that the average grain size increases by increasing the Sn % 
molecular weight. The root mean square (RMS) values of surface roughness were found between 5.5 and 
2.5 nm (Fig. 2). The roughness of the films shows distinct decrease by increasing the Sn % molecular 
weight.  
Table 1. The grain size and roughness of undoped and Sn-doped Sb2S3 thin films. 
Sb2S3/Sn Grain size (nm) Roughness (nm) 
0 (%) 42 5.5 
1 (%) 45 3.7 
2 (%) 44 3.2 
3 (%) 47 2.5 
3.2. Optical properties of Sb2S3/Sn thin films 
Fig. 3. Reflection (a) and transmission spectra (b) of undoped and Sn-doped Sb2S3 thin films. 
Fig. 4. Transmission and reflection spectra of a typical Sb2S3 thick film (576 nm).  
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Fig. 3a and Fig. 3b show the reflection R and the transmission T spectra as a function of wavelength 
for undoped and Sn-doped Sb2S3 samples. The presence of the maxima and minima of the reflectance 
spectrum at the same wavelength positions indicates the optical homogeneity of the deposited films and 
that no scattering or absorption occurs at long wavelengths. Two regions are indicated in Fig. 4; (I) A 
strong absorption region is observed in the optical range 400–650 nm. The values of the absorption 
coefficient, α, in this region were derived from the transmittance and reflectance spectra; (II) A weak 
absorption region in the optical range 650–1800 nm was also apparent, in which the absorption 
coefficient, α, was treated according in [5]. 
Fig. 5. Absorption coefficient α of undoped and Sn-doped Sb2S3 thin films
To calculate the absorption coefficient α (hν), the following relation was used [11, 12], which reads 
21 (1 )[ ]RLn
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where d is the film thickness. The variation of the absorption coefficient, α, as a function of the photon 
energy for Sb2S3 films for Sn % molecular weight are presented in Fig. 5. It can be seen that all the films 
have relatively high absorption coefficients (104- 105 cm-1) in the visible range and near-IR spectral range. 
This result is very important since the spectral dependence of the absorption coefficient affects the solar 
conversion efficiency in the case if this material was used as absorber in the solar cells [13]. Plotting of 
(αhυ)2 versus photon energy, hυ, yields two direct allowed transition  are observed : Eg1 and Eg2 (Fig. 6), 
the first indicating the direct optical transition, the second confirms the amorphous phase of the 
substratum. The two direct band gap Eg1 and Eg2 energy, estimated by a least-squares fit, increases from 
1.78 to 1.98 eV and decreases from 1.92 to 1.96 eV respectively with increasing the Sn % molecular 
weight (see Fig. 7). It is known from the dispersion theory that in the region of low and medium 
absorption the index of refraction n is given in a single oscillator model by the expression [14] 
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Fig. 6. A plot of (αhν)2 versus the photon energy (hν) of undoped and Sn-doped Sb2S3 thin films. 
S is the refractive index of the glass substrate and TM and Tm represent the envelopes of the maximum and 
minimum positions of the transmission spectra. 
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Fig. 7. Band gap energies Eg1 and Eg2 dependence of undoped and Sn-doped Sb2S3 thin films. 
Fig. 8 shows the spectral response of the real parts of extinction coefficient, k and the refractive index, 
n the for the undoped and Sn-doped Sb2S3 thin films as a function of wavelength. The refractive index is 
found to decrease with an increase of the wavelength of the incident photon. At higher wavelengths of the 
incident photon, the refractive index, n, tends to a constant. The extinction coefficient, k = αλ/4π. The 
refractive index decreases from a value of 3.2 - 2.8 at λ = 0.7 m reaching a values of (2.9 - 2.7) at λ = 1 
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m. At higher wavelengths, the refractive index n reached constant values of about 2.9 - 2.7 and k is 
negligible. It is clear that the refractive index increases by increasing the Sn content. So the films become 
more opaque.    
3.3. Refractive index dispersion analysis 
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Fig. 8. Extinction coefficient k and Refractive index n of undoped and Sn-doped Sb2S3 thin films. 
Wemple and DiDomenico [15] have developed a model where the refractive index dispersion is 
studied in the region of transparency below the gap, using the single-effective oscillator approximation. 
Defining two parameters, the oscillator energy, Eo and the dispersion energy Ed this model concludes that: 
Both Wemple parameters can be obtained from the slope and intercept of the plot (n2-1)-1 = f ((hν)2 ) with 
the y-axis as shown in Fig. 9. For further analysis of the optical data, the contribution from the free carrier 
electric susceptibility χe to the real dielectric constant is discussed according to the Spitzer–Fan model by 
[16]
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where ε∞ is the high-frequency dielectric constant in the absence of any contribution from free carrier, χe
is the electric free carrier susceptibility, N/m* is the carrier concentration to the effective mass ratio, e is 
the electronic charge, and c is the velocity of light. Plotting εr versus λ2 (Fig. 10) and fitting to a straight 
line, the values of N/m* and ε∞ were estimated. It is significant to compare the values of ε∞ achieved from 
the Wemple–DiDomenico model (Fig. 8) with that obtained from the Spitzer-Fan model (Fig. 10), as they 
show satisfactory agreement. Fig. 11 shows (−4πχe) versus λ2. The figure depicts that χe increases in 
magnitude with the wavelength and becomes sufficiently large to reduce the refractive index and 
dielectric constant in the near-infrared region. A good fit to a straight line is seen from which the free 
carrier susceptibility values at the extremes of the investigated range were estimated. 
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Fig. 10. A plot of (n2−1)−1 versus photon energy squared (hν)2 of undoped and Sn-doped Sb2S3 thin films. 
The values of Wemple-DiDomenico dispersion parameters, Eo, Ed static refractive index, no (calculated 
extrapolating the Wemple-DiDomenico) optical-dispersion equation to, hν→∞; (no= 1+Ed/Eo) as well as 
static dielectric constant, εr for the undoped and Sn-doped Sb2S3 thin films are listed in Table 2. The 
oscillator energy Eo is related by an empirical formula to the optical gap value: Eo ≈ 2Eg [15]. The 
calculated values of the optical band gap are also presented in Table 2. 
Fig. 11. A plot of the optical dielectric constant εr=n2−k2 versus wavelength squared λ2 of undoped and Sn-doped Sb2S3 thin films. 
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Fig. 12. A plot of (−4πχe) versus wavelength squared λ2 of undoped and Sn-doped Sb2S3 thin films. 
Sb2S3/Sn E0 (eV) Ed (eV) n(0) ε∞sf ε∞wd dir
gE (eV) E0 / 
dir
gE (N /m* ) (*1048cm-3)
-χe (*10-2) 
0 (%) 4.39 26.15 2.70 8.06 7,82 1,96 2,23 1.75 1.57~10.74 
1 (%) 4.11 26.39 2.75 8.62 8.13 1,95 2,10 1.97 1.83~11.54 
2 (%) 3.89 26.48 2.79 9.22 9.01 1,93 2,01 2.15 2.07~13.29 
3 (%) 3.46 24.24 2.87 9.42 9.13 1,92 1,80 2.31 2.62~13.29 
Table 2. The estimated values of the oscillator parameters E0 and Ed, the value of the refractive index, n(0), and ε∞ as well as other 
related optical parameters extrapolated from the Wemple–Di Domenico model 
4. Conclusion 
Good-quality Sn-doped Sb2S3 thin films have been successfully deposited on heated glass substrates 
using the double-source thermal evaporation method. The refractive index, n, and extinction coefficient, 
k, of the Sb2S3/Sn films determined from the transmission and reflection spectra, recorded data over the 
wavelength range 300–1800 nm, were found to be dependant of the Sn % molecular weight. The values 
of n decrease from 3.2–2.8 at λ=0.7 m to 2.9–2.7 at λ=1 m and reach a constant value of 2.9 – 2.7 at 
higher wavelengths. All the films have relatively high absorption coefficients (104- 105 cm-1) in the visible 
range and near-IR spectral range. The refractive index dispersion parameters were successfully calculated 
using the values of the high-frequency dielectric constant; the carrier concentration to the effective mass 
ratio and the electric free carrier susceptibility were also determined using the Spitzer-Fan model. 
Determination of these parameters may help in technological applications of Sb2S3 in thin film form. It is 
clear that by increasing the Sn content the carrier concentration to the effective mass ratio increases and 
we hope that by increasing more the Sn content to obtain Sn-doped Sb2S3 thin films with higher 
conductivity. 
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